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BEAM LOADING ANDCAVITY COMPENSATION FOR THE GROUND TEST ACCELERATOR®

S. P.Jachim and E. F. NMatter
MS-HB827, l.os Alamos Nationai L.aboratory l.os Alanios, NM 87545

summary

The Ground Test Accelerator {GTA) will be a heavily
heam.loaded H linac with tught wlerances on acceleraung
field parameters. The methods used in modehn%‘the etfects
of beam loading 1n this machine are described. The response
of the cavity w both beam and radio-frequency tRF) drive
sumulus 1s denved, including the etfects of cavity detuning.
This derivation s not restricted W a smallsignal
dapproximaton. An analyucal method for synthesizng a
predistortion network that decouples the amplitude and
phase responses of the cavity i1s also outlined. Simulation of
perfurmance. including beam loading, is achieved through
use of a control system analysis software package. A
straightforward method 15 presented for extrapolai.ng this
work to model large coupled structures with closely spaced
parasitic modes. Results to date have enabled the RF
control system designs for GTA to be vpumized and have
Kiven nsight into their operaton.

Introduction

Because of the stringent performance and vperauonal
requirements of the GTA RF system, a thorough effort has
been undertaken w model and simulate the performance of
the cavity field control loops. The use of cryogenically
cooled caviues W n-celerate a pulsed beam of up w 200 mA
«wads to peak beari-lvading factmis of up to B0%.  The
relatvely large cavity detuning required for this level of
neam loading exacerbates the amplitude modulation w
phase modulatuon (AMPM) coupling inherent in the
acceleraung cavity, leading W  stricter control loop
performance requirements. An accurate model of the
Jdynamic performmance of the cavity 15 essential W the success
i this undertaking.

Muodels of the response uf accelerating cavities to drive
ind beam sumuli Fave been presented in the hterature **
Ihese models, because they were derived usmY amplitude
and phase analysis, are quite useful but generaily restricted
W the small signal refime.  When the superposition of
~esponses resuiting from RF drive and heam current s
rxpressed in terms of amplitude and phase, strong nonlinear
ind transcendental couplings appear in the analyss,
amating pracucal applications W small purturbauons.’ In
‘ne method described he.e, s complex envelupe model ot the
n phase and quadrature 1 Q) responses ol the cavity 13
derived I'hus the sumulus, behavior, and resultant
sesponse of the accelerating cavity are expressed using a set
finear and fullv orthogunal signels. No restrictions other
‘han anearity and time invanance are placed on this 1 Q
model therefore effects such ns (arg» signal perturhations,
cavity detuning, and finite resonator @ can be conveniently
ind pecurateiv included  The extension of this technique to
neoade stractures with closely spaced resonant modes su n

Veoaree o apied cavity dinaces, s uneomphicated
Cavity Model Davelopment
I »educe the computauonal etTort involved on

wIntintion to o tractable level a baseband model of the RF
vielerating cavity has heen developed using the compiex
cnvenpe concept £ This method s entireiy squivaient W
dorect amuantion st RE frequencies while cooading the high
vyochtted  sampring rate in o essence COADNHIVEIY N
pertormed noa reterence pinnge that s raung at the RE
‘requency therefore ey the complex baseband modulintion
covetape remains As mentioned above the FQ tarm ot the
mpleg enveope 1 ased o thisderivation
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An electrical equivalent circuit of an RF aceeieratnyg
cavity system near resonance 1s shown :n Fig 1 Starun
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Fig. ! Equivalentcircutt ol an acceizrating cav.'s sy atemn

from the fundamental differential equation describing the
voltage response of the cavity circuit W a current .impu.sc.
i e, the impulse impedance responre, the tLime doman
nperauonal model of the complex envelope, which s ~hown
in Fi1g . can be deduced, where
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with

4, - e 2WAw 1 ~ = - A7
. .

Noute thatin both cases, the descnbing equations of the
mode! 2re hinear and simpie in nature. No restricuons have
been placed on the properues of the input current signals
other than the existence of their LaPlace transtorm. ihe
effects of cavity detuning and finite resonator Q have been
included directly

Fig. 3 Hesponse of anexcited resunant cavity to o 180
phase step [he phase step is appiied 4t 80 s

I'he responses of this cavity model o various
percurbations are demonstrated in Figs 3 and 4 la this
simulation, the foillowing ussumptions have heen ade:
W& 10 lodand - 7O s In Fig 3. the cavity 1s dnven
‘n resonance and a 180" phase step 18 applied. The field
‘ohinpses momentarnly in the process of reversing d1gm, as
vxpected. In F'yg 4, the cavity i3 driven at a frequency
detuned from resonance by dw -39 105rads Figure 4a
shows the response W a unit step in input current, wnile
Fig 4b depicts the etTect of a 30” phase perturba‘ion an n
~avity that s in the steady state  Note that this simulatuon
“Suthfully deserihes the bebavior of a detuned cavity with
“hese stimiag

Augmentation of Cavity Maodel

The  avity model described above can easiy e
vaginenled fooneiude Seam oeading, multiple resonaneey,
vnd v namae cetlected voltage effects An RE cavity,
cormad operation, oy a4 anenr tane invearient device Thay,
“he etTects o0 venm oading on the tield in the cavity ean be
cxpressed throandh inear superposition of the fieid induced
by the RE dreeve stimulus nnd the Deld induced by the beam
urrent prssing through the cnvaity . For aoreintivistic bewn,
"he response dynavamies of the cavity are not mudified by the
presence of bewm current . A herm dependent susceptanee
Douad e added o he model to onceount tor the effecr o
Aavily soatigde on heam vesoatly for nopreistivistie ey

The cxpression of the cavity stimuloy and response n
cermy ot snenr orthoyonal  agnaiv aiso permits the
avcuoation ot the torward and relectad wives withan the REF
frove Dine Olnee AL INeRE superposition oy dsed to
teternmne the total travehng waves inench direction on the
trive ane Both the beam and the drive anmputier contribute

Mponents Lo these wiovo s D Sperntionag moder ot

W8 Rewponmes ol cuvity wilh ae anit ampe tude stey
wppned at s and he G phiase step appied at Bos

heam loaded cavity, including the dynamic retlection
cnleulatons, i shown an Fig 5 The cavity field and tne
total traveling waves that appenr during n typical puise are
shown n Fig 6 The heam current, cavity detuning. ind
coupling coetficients have been adjusted <o that the Lo
appeary to be matched when heam current arrives at 1o .
In reality, however these parameter chowees ampiy e
"he vector sum ot the pnruu{ whves cnduced by vach soaroe
tenveling awny trom the cavity fo equad fero With senpeor
thodynamie perturbauons irom ihis static
Anive amphBier stli sees a aevuted and overcoapied
A times Phin etlect
Hardwiare systems as wei,

Up o thas pornt ot b been assumed that fne o0 0
heang modeied can be adequately represented Hy o g
resonnnee Fhis may be anonvahid nssumption v wewer
either the HF drive or the beam contain appreciabie aenoa
cnergy  n the vicinety ot nenrhy
Incorporntion  of thas effect onto the
Armghtiorwnrd Hecnuse the modal Sedda e e
renistic eiectrienl moded of noonvity with exoitihiie 5 a0
modes s vhown in oy a0 Fach mode cnn he
Y anigue resonant trequency oand goality tacto -
perationni o sqpnvalent ot thes oot appenrs o
ARerein anear superposition vies it aed e e s
e totig fredd oo the ity
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Fig. 8 Operationai model of cavity with beam
oading and reflection caicuiations

Decoupling Network Synthesis

A resonant circuil, such as a cavity, exn bita cross-
«uurlmg hetween responses to amplitude and , .ase tor LQ)
modulation  Thiy s especially evident when the cavity 13
driven shightly off resonarce, i e, under detuned conditions.
Substantai difficulty can arise when attempting w regulste
the fields in a cavity of this sort, as this cross-coupiing
cnuses intercoupling hetween the feedback control loops
This cross-coupling etfect can be eliminated, as shown 1n
Fig 4. wherein the decouphng netwerk 18 used to predistort
the | and Q drive signals 3o us to remove their interaction
trom the overall system llere the cross.coupled network
‘ould represent n wimple cavity or a complex combination of
4 oouvity and RF amplifiers. transmission lines, etc The
transfer funcuon of these concatenated networks s

lhe requitant compound transter matnx 8 thus
rthogonazed o

and

f
1

lheretore, for n cavity, thene predistartion tunctions
are aimple and realizable  Standard network uynthesis
methods can be used o design circuita of this type into the
haseband, or video, section of an 1 Q control module  Note
that the tull henelit of this ’um‘)lv decouphing scheme cnn be
reniized anly o Dand Q control toops are ased to reguinte the
vty beid
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Fig. 8 Cavity renporse and retiected voltage during « 'y
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Fig 7 Modey otunode cavaty worh o
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RE Sy stem Simulation

Numertend amulntion ot tull RE control foop hebasn

Bas been wleved through ase of the MATRINYT oo

procKage
frh e nd

The appropriate  models hoth e

ol ench element were ot on Lloow diager vt
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Fig. 8 Basic approach tor aading decoupiing
prediswortion toa cross coupied netwark

'n this suftware, and all elements were subsequently
connected in the same manner. While space does notallowa
complete descrintion here of the simulated loop., a block
diagram containing the essential components is shown in
Fig 9 The L Q control loops are placed uround the cavity w
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Fig. 8 Uipicas RE ovstem hioeon diagram
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reuinte the accelerating field Feedforward methods are
oed o amehiorate the perturbing effects of heam (oading
Aiso. psuedodenivative x-edhuck 18 Incorporated by sensing
the cavity drive signal

Detuning of the cavity leads Lo & strong cross coupling
hetween the | and Q conteol loops, with resulting
Aegradations in stability and performance ' To minimize
this etfect, the Tand Q control swiznals are predist.ried as
4 wribed in the previous section .n oorder W decouple the
control laops This approach effecuvely orthogonnlizes the
fwo lendhack control loops

The cavity amplitude and phase responses, nlong with
"hoear respective oop errors, duaning A typieal seesleration
DSt Are Jhown in E‘IK 10 The cavit }u-gms charging at
tome ! owhiie heam current entery the cavity at 10 py A
Senn rise tme of Loy assumed . Witk thiy nonzero beam
current rise time. Che loop errors remain small throughout
the pulse

Mhe cavity model 0 by holends atsell W direct
‘mplementation on hardware ?h-cmm« the model operates
1t haseband frequencies the authos will synthesize o
amulntion of thiy type using evther analog computational
amponents or diitel sagnnl processing devices s
ciromtry will he extremnely aseful Yor o testing and
teyrating the hardware tor various contral npphications

Conclusions

developed  tor gl

Inchuded in these

have heen
contral loops

Rensonabie modejs
cnponentson the GTA RE
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Fig. 10 Cas v respunses andonc o

GOP ETFORS QUNINE & Y PICH. plae
modely are heam cading and all siynificant tme responses,
noniineantes, and couphing phenomera A thorough
numertcal simulaton of loop performance has heen
achieved using these rodels  Used as a development o
*his approach has been heneficial tor loop dewign and
ptimization, as well as providing irsight nto the workings
}!hv REF systerm Further waork remains to oncorporate the
physical dynamies of particle beams in these mode s
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